Gold deposits are often observed to have complex histories with multiple mineralization and remobilization events. Lead (Pb) isotopes have been useful in identifying the source and timing of metals during the initial or "primary" mineralization in these deposits; however, the source and timing of metals associated with Pb that has more radio genic isotope ratios as compared to the primary Pb are less definitive. Here, we used Pb isotope analyses, obtained by whole-rock, microdrilled, and in situ sampling techniques, coupled with detailed petrog raphy to identify distinct fluid histories associated with gold mineralization in the Reef Deposit, which occurs in Penokean-age (1.8 Ga) rocks in north-central Wisconsin. Early Pb-rich minerals, encased in pyrite (as is some gold), have nonradiogenic Pb isotope ratios that match the Pb isotope composition of galena from volcanogenic massive sulfide deposits that occur locally north of the Reef Deposit. In contrast, late Pb-rich minerals, intergrown with gold, have highly radiogenic Pb isotope ratios that closely match those of galena from Paleozoic carbonate rocks in the region. A low-temperature brine fluid was found in fluid inclusion assemblages in late crosscutting carbonate veinlets. Based on these data, we infer that initial gold mineralization in the Reef Deposit was produced during the Penokean orogeny (ca. 1.8 Ga) and was subsequently overprinted by fluids similar to Mississippi Valley-type mineralization during the Permian (ca. 270 Ma). This temporal disparity between primary mineralization and remobilization, as identified by Pb isotopes, has important implications for our understanding of gold and other ore deposits. This study should prove useful to guide future Pb isotope investigations in various disciplines.
INTRODUCTION
Hydrothermal gold deposits may form by a variety of processes and often involve multi ple overprinting systems or "events" that either emplace or remobilize gold (Large et al., 2009; Zachariáš et al., 2013) . Remobilization can be driven by circulating groundwater in supergene environments (Lawrance, 1990; Butt, 1998; Larizzatti et al., 2008) , hydrothermal flow dur ing late magmatic activity (Sheets et al., 1995) , or deformation that redistributes the gold (Blenkin sop and Doyle, 2014) . Many studies have identified a late, lowtemperature, high salinity brine in veingold mineralization, which may overprint primary mineralization, making it difficult to establish genetic relations with gold mineralization (e.g., Wilkinson et al., 1999; Large et al., 2009) .
Lead (Pb) isotope geochemistry has proven useful in understanding the complexity of fluid sources and pathways during gold mineraliza tion. Pb isotope compositions that match those expected for average crust (Stacey and Kramers, 1975) at the time of initial mineralization are of ten referred to as "primary Pb" (McNaughton and Groves, 1996) . In some cases, however, Pb isotope compositions are much more radio genic, indicating addition of Pb at a later time (Perring and McNaughton, 1990) . Although geochronology of host rocks, gangue, and ore minerals has aided in providing an absolute time scale for some events, relating such results explicitly to gold mineralization/remobilization can be challenging because of uncertainties in the genetic relations between dated materials and gold (Kerrich and Cassidy, 1994; Li et al., 2008; Zhang et al., 2014; Taylor et al., 2015; Vielreicher et al., 2015) .
In this study, we used a combination of Pb isotopes and UThPb geochronology on bulk rock and microdrilled samples, as well as in situ measurements by laser ablation, to evaluate the age of mineralization in the Reef Deposit in northcentral Wisconsin. To better understand the timing of gold mineralization and remobili zation, in situ analyses focused on the textural and temporal relations among galena (PbS), rucklidgeite (PbBi 2 Te 4 ), and altaite (PbTe) grains that were closely associated with gold. The nature of remobilizing fluids was addition ally informed using microthermometry of fluid inclusions. We found that although initial gold mineralization may have been related to CuZn volcanogenic massive sulfide mineralization, as is observed elsewhere in the region, the final gold mineralization/remobilization in the Reef Deposit occurred in the Paleozoic during ex tensive regional fluid flow. This conclusion not only has important implications for ore deposit models, but it also informs our understanding of the extent and nature of largescale fluid flow in the shallow crust, an area of broad interest.
GEOLOGY
The PembineWausau subterrane, located in northern Wisconsin and the Upper Peninsula of Michigan ( Fig. 1) , formed during the Penokean orogeny at ca. 1890-1830 Ma (Schulz and Can non, 2007) . The PembineWausau subterrane was formed initially as a series of volcanic arcs that were thrust onto the southern Superior craton during the Penokean orogeny, when a separate Archean craton known as the Marsh field terrane collided from the south with the Superior craton to the north (Schulz and Can non, 2007) . The PembineWausau subterrane is separated into two main volcanic complexes. The LadysmithRhinelander volcanic complex to the north hosts several CuZn volcanogenic massive sulfide (DeMatties, 1996) deposits thought to have formed at ca. 1874 Ma, suggest ing a period of intraarc rifting during forma tion (Schulz and Cannon, 2007; Quigley et al., 2016) . However, a more recently measured, slightly younger age of ca. 1833 Ma for the Back Forty deposit, the most eastern deposit located within the LadysmithRhinelander vol canic complex, adds some complication to a single common timing for mineralization in the region (Quigley et al., 2016) . The southern, younger portion of the PembineWausau subterrane is known as the Wausau volcanic complex, and it is composed of dominantly calcalkaline felsic volcanic rocks (LaBerge and Myers, 1984) . The Wausau volcanic complex was estimated to have formed between 1845 and 1835 Ma (LaBerge and Myers, 1984) , and this has been supported by UPb zircon geochronology of a rhyolite microporphyry near Wausau that has an age of 1836 ± 11 Ma (Sims et al., 1989) . The Wausau vol canic rocks were then folded, with steeply plunging, northeasttrending axes, and metamorphosed from middle to upper greenschist facies and locally to amphibolite facies (LaBerge and Myers, 1984; Schulz and Cannon, 2007) . At ca. 1760 Ma, a series of post orogenic granitoids intruded into the area (Sims et al., 1989) . Still later, directly adjacent to and east of the deposit, the Wolf River Batholith was emplaced, which was intruded from 1484 to 1468 Ma during an extensive anorogenic plutonism event in North America (Anderson, 1983; Dewane and Van Schmus, 2007) . Early to middle Paleozoic sedimentary units blanket much of the crust south of the exposed Precam brian terranes in the northern part of Wisconsin (Fig. 1) . A large Bouguer gravity anomaly mini mum in the central and southern central portions of the state is taken as evidence that the Wolf River Batholith is a much more extensive unit underlying much of the southern portion of the state (Allen and Hinze, 1992) .
The Reef Deposit is an anomalous AuCu deposit in the sense that it is the only known primarily goldrich deposit in the region, and it is hosted in mafic intrusive and volcanic rocks of the Wausau volcanic complex. A basal gab bro unit, with similar mineralogy and textures to that observed in the hosting mafic units, cross cuts the main quartzsulfide veins at depth. This indicates that the veins formed shortly after the hosting mafic intrusive units, possibly as the root zone of a volcanogenic massive sulfide de posit. Felsic dikes and sills, of unknown age, are found as a swarm of granophyric to porphyritic, locally aplitic units within a northeasttrending zone of deformation (Kennedy and Hard ing, 1990) . The younger Wolf River Batholith bounds the deposit area to the east (Fig. 1) .
Mineralization in the Reef Deposit consists of at least eight subparallel AuCu-bearing quartzsulfide vein zones that trend southwest and dip moderately to the northwest (Kennedy and Harding, 1990) . Gold in drillcore sections is not typically visible at the hand sample scale. Pyrrhotite is the most abundant sulfide found in veins and disseminated in country rocks adja cent to vein zones, followed by chalcopyrite and pyrite, which also occur in veins. Magnetite is observed, although less commonly than FeCu sulfide minerals. Molybdenite, sphalerite, and galena are rare. Chalcopyrite is the primary copper ore mineral, but Kennedy and Harding (1990) also reported cubanite in an overlying saprolite and regolith zone, likely formed dur ing Precambrian weathering (Driese and Medaris, 2008) .
METHODOLOGY
Hand samples were selected from drillcore sections and cut using a diamond blade. Fluid inclusions were studied on separate drillcore samples dedicated for that purpose. For iso topic analyses, individual sulfide phases were separated from hand samples using a handheld micro drill with a tungsten carbide tip. Whole rock samples were selected from material re maining from drillcore assays by lifting indi vidual aliquots from the homogenized material using a scoop. A second sample aliquot was refined by hand magnet covered with weigh ing paper to isolate a magnetic concentrate, and these samples are identified with an "HM" in the name. Sulfide and wholerock samples dis solved for Pb isotope analysis ranged in mass from 12 to 108 mg.
All isotopic analyses were done using a Nu Instruments Nu Plasma II multicollector-induc tively coupled plasma-mass spectrometer (MC ICPMS), equipped with an enhanced sensitivity interface, located in the Department of Geosci ence at the University of Wisconsin-Madison. Bulkrock and microdrilled sulfide samples were dissolved in concentrated HNO 3 in Savil lex beakers and placed on a hotplate at 130 °C overnight. Samples were then centrifuged, and the liquid was removed and aliquoted. One aliquot was used to measure Pb isotope ratios, and the other aliquot was spiked with a mixed 208 Pb 235 U 229 Th tracer to measure U, Th, and Pb concentrations by isotope dilution mass spectrometry (IDMS). The residue after disso lution consisted of silicates that were resistant to dissolution using HNO 3 . The chemical puri fication of the samples and the IDMS and Pb isotope ratio analyses followed the methods of Satkoski et al. (2015) . Based on replicate analy ses of mixed UThPb normals, U/Pb ratios are precise to ±0.07%, Th/Pb ratios are precise to ±0.13%, and U/Th ratios are precise to ±0.10%. Pb isotope ratio analyses are precise to ±0.014% per atomic mass unit based on repeat analyses of National Institute of Standards and Technol ogy (NIST) standards SRM981 and SRM982 and U.S. Geological Survey (USGS) rock stan dards BCR2 and AGV2. All Pb isotope ratios and UThPb concentrations of samples are re ported in Table 1 , and standards are reported in Table DR1 1 to show that the Pb isotope ratios are accurate relative to consensus averages for NIST SRM981 and SRM982 and USGS rock standards BCR2 and AGV2 (Galer and Abou chami, 1998; Wilson, 1997 Wilson, , 1998 Woodhead and Hergt, 2000; Platzner et al., 2001; Collerson et al., 2002; Thirlwall, 2002; Ridley, 2005; Weis et al., 2005 Weis et al., , 2006 Chauvel et al., 2011; Todd et al., 2015) . Total procedural blank for Pb was 48 pg, which is 1000 times less than the Pb con
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Pb isotope ratios measured by laser ablation (LA) were done using a Teledyne Photon Ma chines Analytefs laser equipped with a HelEx LA cell (fsLA). The laser had a pulse width of ~150 fs, and two nonlinear crystals were used to produce a third harmonic such that the output wavelength of the laser was ~263 nm. The laser was used in focusbeam mode, where the laser spot size was controlled using an iris placed just before the objective lens and by adjusting the distance between the objective and the sample (the smaller the spacing between the objective and the sample, the larger the spot size). The laser conditions used during Pb isotope analy ses (pulse energy at the sample of ~1 µJ and 125 laser shots delivered at a repetition rate of 4.03 Hz) created LA craters in pyrite that were 30 µm in diameter. Further methodology regard ing fsLA and MCICPMS are described in the data repository (see footnote 1).
Fluid inclusion studies began with petro graphic analysis of doubly polished thick sec tions and selection of inclusions for microther mometric measurements. Cathodoluminescence imaging was performed on a Hitachi S3400N scanning electron microscope (SEM) to iden tify carbonate textures and discern variable growth histories. Inclusions were classified us ing standard terminology, and fluid inclusion assemblages were identified using criteria from Goldstein and Reynolds (1994) and Goldstein (2003) . Microthermometry experiments were carried out at the University of WisconsinMadison using a Linkam LMS600 heating freezing stage mounted on an Olympus BX50 microscope. Observations were made under 100× magnification from -185 °C (limit of liquid N 2 freezing) to 250 °C. Calibrations were done using synthetic H 2 OCO 2 and separate pure H 2 O fluid inclusions. Calibration measure ments were made at the melting temperature of CO 2 (-56.6 °C), the dissociation point of clath rate (10 °C), and the critical point of pure H 2 O (374.1 °C). Bulk densities of inclusions were calculated within MacFlinCor (Brown and Hagemann, 1994) using equations from Bodnar and Vityk (1994) .
RESULTS
Petrography
Gold occurs as 1-30µmsized grains in both an early and late textural setting (Fig. 2) . The early texture consists of Au encased in pyrite (Fig. 2A) ; in the later, more common texture, Au occurs along gangue and sulfide grain bound aries and in microfractures (Figs. 2B-2H), and native gold and gold tellurides are often inter grown with other telluride phases (Figs. 2D, 2F , and 2H) and calcite (Fig. 2C) . Tellurides in the earlier textural setting included: altaite (PbTe), tellurobismuthite (Bi 2 Te 3 ), and rucklidgeite (PbBi 2 Te 4 ); tellurides in the later textural set ting included hessite (Ag 2 Te), melonite (NiTe 2 ), frohbergite (FeTe 2 ), petzite (Ag 3 AuTe 2 ), and calaver ite (AuTe 2 ), as well as altaite and telluro bismuthite (at times with unmixed volynskite [AgBiTe 2 ]). The LA Pb isotope analyses were performed on Pbrich phases that occurred in both early texture (inclusions in sulfides) and late texture (along mineral grains or in micro fractures) settings ( Fig. 2C; Fig. DR1 [see foot note 1]). Most of these analyses were done on Pbrich minerals intergrown with Au or in a similar textural setting in which gold was found (e.g., galena and Au both occurred as inclusions in pyrite in a sample, although Au and galena were not intergrown). Our survey for these Pb rich phases included detailed SEM petrography on 17 samples, of which we found 12 occur rences in three samples. After these were ana lyzed by LA, the surface was ground down by ~200 μm on 13 samples (including LA analyzed and nonanalyzed samples, as well as two newly created samples). The new surfaces were repol ished and reexamined in the SEM, revealing an additional four occurrences of Pbrich minerals from two of these resurfaced samples. Several of the occurrences discovered were too small to be analyzed. ratios, based on standard analyses, are precise to ±0.014% per amu, U/Pb ratios are precise to ±0.07%, Th/Pb ratios are precise to +0.13%, and U/Th ratios are precise to +0.10%. Microdrilled sulfides are hand sample name; whole rock labels are Aquila Resources assay sample number. Abbreviations: py-pyrite, po-pyrrhotite, cpy-chalcopyrite, HM-hand magnetic fraction taken from separate aliquot, LT125-less than 125 μm size fraction.
Late veinlets crosscutting primary quartz veins consisted of early dolomite mineralization with openspace euhedral growth texture, later infilled with coarsegrained (0.5-3 mm) calcite (Figs. 3B and 3C) . Small, ~100µmsized pods of needleshaped chalcopyrite were found at the contact between dolomite and calcite, growing radially outward from dolomite. A 1-3 cm halo of fluid inundation was recognized in the form of ~50-100µmwide Kfeldspar microveinlets and quartz along wallrock-quartz grain bound aries, which, when viewed in cathodolumi nescence imaging, showed distinctive banded crustiform texture growth zonation. (Fig. 4D ), which lies within uncertainty of the 1835 Ma reference age that is taken to record the initial mineralization age of the Reef De posit (see earlier herein). In contrast, the micro drilled sulfide samples all have low U/Pb and Th/Pb ratios and therefore do not define any linear relations on UThPb isochron diagrams (Fig. 4) . Because the microdrilled samples have low U/Pb and Th/Pb ratios, their radiogenic Pb isotope compositions cannot be explained by in situ decay, but instead require a source of Pb that was derived from a distinctly more radiogenic reservoir. The presence of radio genic ingrowth in the wholerock samples is attributed to the in corporation of rarely observed monazite grains observed in mineralized zone samples and titanite grains observed in host gabbro.
U-Th-Pb Isotope Data
The Pb isotope compositions of Pb sulfides and tellurides associated with Au measured by fsLA define a bimodal distribution ( inclusions in late calcite veins that crosscut min eralized quartz veins and host rocks of the Reef Deposit (Fig. 3) . Fluid inclusion assemblage data are presented in Table 3 . The lowtemper ature assemblages were identified petrographi cally as assemblages of all liquid inclusions as sumed to have formed at temperatures <50 °C (Goldstein and Reynolds, 1994) , and assem blages of all liquid plus twophase inclusions with moderately consistent vapor bubbles (≤5% vapor). All liquid plus twophase inclusion as semblages homogenize in a range of tempera tures (45-103 °C). An estimate of paleo depths may be made by using the fact that the deposit is overlain by a section of saprolite and regolith associated with Precambrian weathering, indi cating that the unconformity between Precam brian and Paleozoic sedimentary rocks would have been at or near the current topographic surface. Because the deposit is located upon the Wisconsin dome, well north of the Illinois Basin, the deposit was not overlain by signifi cant sediment thickness during formation of the fluid inclusions. Coupled with the fact that these are relatively highdensity fluid inclusions with steep isochores, a pressure correction would be insignificant, indicating that homogenization temperatures closely reflect formation tem peratures. The higherdensity H 2 ONaCl fluids would cause vapor bubble crushing (disappear ance) upon freezing, and because, upon reheat ing, the vapor bubble would not nucleate prior to Tm ice (ice melting), we could not use the Tm ice to determine salinity. We used the technique de scribed in Wilkinson (2017) to estimate the bulk salinity. Metastable freezing temperatures rang ing from -79 °C to -82 °C were used to calculate salinities of 23.6-24.7 wt% NaCl equivalent.
DISCUSSION
In the following discussion, we examine geo logic scenarios that could produce the early and late textured Pbrich minerals, the age(s) of Au mineralization, and the important constraints Pb whole-rock data produces an age of 1880 ± 90 Ma, which falls within error of the inferred initial mineralization age of 1835 Ma (age calculated using Isoplot from the whole-rock sample data [Ludwig, 2003] , and a correlation coefficient of 0.9). Pb-Pb growth evolution curve is from Stacey and Kramers (1975) . MSWD-mean square of weighted deviates.
imposed by the highly radiogenic Pb isotope compositions measured by LA. We argue that the early system was produced during the Paleo proterozoic, similar in time and from a similar source as the volcanogenic massive sulfide de posits located to the north of the Reef Deposit. The late textured Pbrich minerals, however, re quire a significantly younger derivation from a source that must have had very high U/Pb and Th/Pb ratios to produce the highly radiogenic Pb isotope compositions, and we postulate that this involved MVT fluid movement during the late Paleozoic. Fluid inclusion compositions are shown to be consistent with our interpreta tion for the late textured Pbrich minerals. We then discuss possible sources of the fluids that produced the late Pb mineralization, coincident with Au mineralization/remobilization.
Early Texture Pb-Rich Minerals
The Pbrich minerals associated with the early textured Au mineralization have Pb isotope com positions that overlap with those of galena from Penokeanage volcanogenic massive sulfide de posits to the north of the Reef Deposit (Figs. 1  and 6 ). We therefore suggest that the most likely source of Pb during this early gold mineralization was from sources similar to that of the Wisconsin volcanogenic massive sulfide deposits. The age of the volcanogenic massive sulfide mineraliza tion is consistent with the intersection found in the data array with the average crustal growth curve of Stacey and Kramers (1975) , between 1.9 and 1.8 Ga (Afifi et al., 1984 Pb ratios for the Penokeanage volcanogenic massive sulfide deposits, the range in Pb isotope compositions is much smaller within each deposit (Fig. 6) , and these differences likely reflect some variation in the U/Pb source ratios. For example, the lower 206 Pb/ 204 Pb and 207 Pb/ 204 Pb ratios of the Flambeau and Reef Deposit suggest that the source of the Pb may have been more juvenile (low U/Pb), as compared to some of the other deposits such as Tomahawk, which may have been derived from a more evolved source with higher U/Pb (Fig. 6) Pb is the only Pbrich mineral that was hosted in chalcopyrite, whereas all the others occurred in pyrite. This difference in Pb isotope composition may imply that copper min eralization was derived from a different source, or possibly at a younger time, as compared to the other sulfides.
The Reef Deposit is hosted in the Wausau volcanic complex, which is thought to have formed between 1845 and 1835 Ma (LaBerge and Myers, 1984 ). More precise ages of several of the volcanogenic massive sulfide deposits, namely Bend, Horseshoe, Lynne, and Pelican River, have been measured giving a formation age of ca. 1874 Ma, with a younger ca. 1833 Ma age for the Back Forty deposit located at the far eastern extent of the PembineWausau subter rane in Michigan (Quigley et al., 2016 
Late Texture Pb-Rich Minerals
The Upper Mississippi Valley district is a historic PbZn MVT mining district in south western Wisconsin. The district boundary out lines deposits that were economic in the past, al though it has long been recognized that outlying occurrences extend the mineralization footprint across the region (Heyl and West, 1982; Millen et al., 1995; Luczaj et al., 2007 (Brannon et al., 1992) . To evaluate if such a scenario is plausible, we calculated the Pb isotope evolution, assuming that the Pb was removed from its source at various times in the past and deposited in the Reef Deposit at 270 Ma (Fig. 7A) Pb ratio of the later texture Reef Deposit Pbrich minerals from different aged sources that started with Pb isotope com positions equal to that of Stacey and Kramers (1975) . Figure 7A shows three curves: Curve 1 assumes a 2.6 Ga Pb source that would corre spond to Marshfield terrane rocks that occur to the SW of the Reef Deposit; curve 2 assumes a Penokean age source of 1.89 Ga; and curve 3 assumes a source of 1.47 Ga that would cor respond to the Wolf River Batholith, which is directly adjacent to the Reef Deposit. The best fit to this model is for Pb derived from a Wolf River Batholith age source with a µ of 42.7, where Pb isotope evolution began at 1.47 Ga until 270 Ma, when Pb was removed and depos ited in the Reef Deposit.
The second Pb evolution model that was con structed (Fig. 7B ) is similar to that in Figure 7A , except that final Pb mineralization is assumed to have occurred during metamorphism in the late Penokean, ca. 1.84 Ga. In other gold deposits, late textural gold that occurs along grain bound aries or in fractures is often inferred to have been remobilized during metamorphism (Large et al., 2009; Blenkinsop and Doyle, 2014) . In this model, the µ values must be substantially higher than the previous model because less time is allowed for evolution. As shown in Fig  ure 7B , µ values approaching 1000 are required to produce the measured 206 Pb/ 204 Pb ratios in the late textural gold, which seems impossi bly high. Importantly, however, this model, in all cases, produces very high 207 Pb/ 204 Pb ratios due to the restriction of Pb isotope evolution to earlier times than in the first model. Such a con clusion holds for all three curves in Figure 7B : Curve 1 assumes Pb from a source with an age that would correspond to Minnesota River Valley Archean rocks of 3.5 Ga; curve 2 repre sents a source with a Marshfield terrane age of 2.6 Ga, and curve 3 is a Penokeanage source of 1.89 Ma that would correspond to rocks of the PembineWausau subterrane. We conclude that it is virtually impossible to match both the 206 Pb/ 204 Pb and 207 Pb/ 204 Pb ratios of the later tex tured Au using reasonable µ values if Pb min eralization in the latestage minerals occurred ca. 1.84 Ga, reinforcing our conclusion that the first model, where late Pb mineralization oc curred at ca. 270 Ma (Fig. 7A) Deposit, have unusually high U/Pb ratios and high Pb contents (Fig. 8) , supporting the inter pretation that the radiogenic Pb isotope compo sitions of the later texture Pb minerals record Permianage circulation of fluids through anoro genic granites. Assuming Pb isotope composi tions equal to that of average crust (Stacey and Kramers, 1975) (Fig. 8) , and, importantly, such high µ values are associated with very high Pb contents, suggesting a significant source of Pb for later fluids. Although the µ values are not as high as those required for our model (µ ~43; Fig. 7A ), it seems likely that the Pb isotope compositions of the Wolf River Batholith are far more radiogenic than average crust, which, if true, would imply much higher µ values. We conclude that although there are no Pb isotope data available from the Wolf River Batholith, its unusually high U/Pb ratios support the interpre tation that this is the most likely source for the radiogenic Pb isotope compositions of the later texture Pb minerals in the Reef Deposit.
The fluid inclusions that occur in carbon ate veins in the Reef Deposit are consistent with the temperature and composition of MVT fluids precipitating Pbrich minerals associ ated with the later texture gold. Although it is not possible to establish a direct paragenetic relation between later texture Au in the Reef Deposit and carbonate veins because Au or later texture Pbrich minerals were not present in any of the carbonate veins that contain fluid inclusion assemblages, carbonate often occurs intergrown with later texture Au and Pbrich minerals, suggesting that carbonate precipita tion and Au remobili zation were linked. Fluid inclusions in Upper Mississippi Valley district deposits have homogenization temperatures that range from 90 °C to 150 °C, with a few measurements as high as 220 °C; salinities for MVT deposits range from 10 to 30 wt% NaCl equivalent (Rowan and Goldhaber, 1996; Leach et al., 2010) . Fluid inclusions in carbonate veins from the Reef Deposit have metastable freezing temperatures that correspond to 23.6-24.7 wt% NaCl equivalent. The homogenization tempera tures correspond to <103 °C for the twophase inclusion assemblages, and formation tempera tures <50 °C are inferred for the singlephase in clusion assemblages. Interpretation of the maxi mum temperature depends on if the twophase inclusions are primary or if they yield tempera tures that are unrealistically high due to density loss of the fluid caused by the inclusion not re maining a closed system. Because a population of twophase inclusions tends to record a nar row range of temperatures (within 10-15 °C), it is likely that these inclusions have remained closed systems. Based on the homogenization temperatures, we can conclude that the fluids in these carbonate veins were up to 103 °C but could have been as cool as 50 °C and lower.
Evidence for MVT-Age Au Mobilization
MVT age mineralization in the Reef Deposit is an unusual occurrence in that it is hosted in Precambrian bedrock, whereas MVT deposits are most often observed hosted in carbonate sedimentary formations. Here, we examined the current MVT deposit models, particularly for deposits in the Upper Mississippi Valley dis trict and minor occurrences in the surrounding region, and how they may relate to late miner alization in the Reef Deposit. In particular, we considered the relations among basin fluid flow, the Wolf River Batholith, and the host rocks for the Reef Deposit.
MVT deposits are commonly thought to have formed in passivemargin tectonic settings from basinal brine fluids enriched in metals, which, during uplift, were forced outward into the neighboring terranes as giant hydrothermal systems (Figs. 9A and 9B; Bethke and Mar shak, 1990) . Classically, these fluids are seen to have interacted with carbonates and depos ited metal sulfides and gangue minerals, com monly galena, sphalerite, carbonate, and fluorite (Leach et al., 2005) . Problems with this model remain, in part, because the model is used to de scribe a diverse deposit class (Wilkinson, 2014) . peratures during mineralization, fluid circula tion through deep underlying basement terranes is commonly invoked (Spirakis, 1995) . This raises the possibility that although sedimentary platform rocks are the most common host for MVT mineralization, involvement of deep ba sin crystalline rocks may be important in MVT fluid flow.
The Reef Deposit is located high within the Wisconsin dome, a Precambrian high at the north ern extent of the Wisconsin Arch, located between the Michigan and Illinois sedimentary basins (Fig. 9A) . MVT mineralization formed by fluids flowing out of the Illinois Basin is manifested in the Upper Mississippi Valley PbZn district lo cated in southwestern Wisconsin (Fig. 1) . Minor occurrences of MVT mineralization have been identified in areas of northeastern Wisconsin and are attributed to fluids flowing outward radially from the Michigan Basin ( Luczaj, 2006; Luczaj et al., 2016) . The location of the Reef Deposit allows for fluids derived from either the Illinois Basin or the Michigan Basin.
Two reasonable, although competing, mod els exist for the Upper Mississippi Valley district of southwestern Wisconsin. The first model involves gravitydriven fluids flowing out of the Illinois Basin (Figs. 9A and 9B; Mil len et al., 1995) . This is the model most com monly discussed in the literature, although a maximum burial depth of ~1 km at the time of mineralization is unable to account for the high homogeni zation temperatures observed in sphaleritehosted fluid inclusions in Upper Mississippi Valley deposits (Deming and Nunn, 1991; Spirakis, 1995; Rowan and Goldhaber, 1996) . The second model for the Upper Missis sippi Valley district has explained the tempera ture discrepancy by calling upon circulation of fluids through high heatproducing (K, Th, Urich) granites. This model was originally created to explain anomalous uranium mineral ization found near granites with high uranium contents (Fehn et al., 1978) . The model implies that highly radioactive granites can release heat that has built up from radioactive decay during episodes of fracturing, allowing convective flow to bring heat and metals upward from depth. Support comes from Urich granites identified in deep drilling in northern Illinois and inferred to be present underneath much of the Upper Mississippi Valley district (Spirakis and Heyl, 1996) . The circulation of fluids in the higher temperature, lower portions of this radioactive granite body would have been accessed by fault ing associated with the AppalachianOuachita orogeny ( Fig. 9C ; Spirakis and Heyl, 1996) .
Outlier occurrences of trace PbZn mineral ization have been recognized in areas surround ing the Upper Mississippi Valley district in all directions (Heyl and West, 1982) . These minor occurrences are similar to Upper Mississippi Valley deposits in that they contain similar min eralogy, crystal habits, Pb isotope patterns, and mineral formation sequences (Heyl and West, 1982) . The areas hosting minor occurrences are often missing significant Ordovician carbonate sedimentary units due to erosion. Minor occur rences have been recognized more recently in areas of northeastern Wisconsin, and although these occurrences share similar mineralogy, they are attributed to fluid flow from the nearby Michigan Basin located to the east (Luczaj et al., 2016) . The driving force for fluid flow out of the Michigan Basin is not well understood, but it has been suggested that fluid flow out of the Michigan Basin was related to reactivation of the Midcontinent Rift during the Late Devo nian to Carboniferous (Ma et al., 2009 ).
Lead Isotopic Evidence for MVT Fluid Sources and Pathways
Radiogenic Pb isotope compositions are a defining characteristic for Mississippi Valley Type deposits in the midcontinent United States, which are often referred to as "Jtype" (Joplin type) Pb deposits, named after a type locality in Joplin, Missouri (Heyl et al., 1974; Wilkin son, 2014) . The high Pb isotope ratios reported in MVT deposits of the midcontinent United States are thought to be due to the ore fluids interacting with the basal Cambrian sandstone and underlying Precambrian basement prior to mineralization ( Fig. 9B ; Sicree and Barnes, 1999) . Of the MVT districts in the midcontinent United States, the Upper Mississippi Valley dis trict in southwestern Wisconsin has the most radiogenic Pb isotope compositions (Millen et al., 1995 Pb ratios, however, are measured in areas to the SE of the Reef Deposit, in northeastern Wisconsin ( Fig. 9A ; Luczaj et al., 2007) . The source of the highly radio genic Pb isotope compositions in northeastern Wisconsin has been related to fluid flow out of the Michigan Basin (Luczaj et al., 2007 (Luczaj et al., , 2016 (Brannon et al., 1992; Girard and Barnes, 1995) . Our Pb isotope modeling in Fig  ure 7A cannot distinguish between Late Devo nian to Carboniferous and Permian ages.
Based on the proximity of the Wolf River Batholith to the Reef Deposit, and the likeli hood that it contained very radiogenic Pb iso tope compositions, based on high U/Pb ratios (Fig. 8) at the time of MVT mineralization, we propose fluid flow through the batholith as an alternative to models that call upon fluids from the Michigan Basin as a source for radiogenic Pb. Given the location of the Reef Deposit on the Wisconsin Arch, we propose that fluid flow through Phanerozoic sedimentary rocks pene trated the Precambrian crystalline basement near the Reef Deposit (Fig. 9C) , where fluids inter acted with highU/Pb and Pbrich rocks of the Wolf River Batholith. Such rocks would have had highly radiogenic Pb isotope composi tions during the Permian, as well as the Devo nian to Carboniferous.
Fluid Inclusion Evidence for MVT Fluid Sources and Pathways
Late, calcitehosted fluid inclusions in the Reef Deposit are saline, and they are consistent with basinal brine fluids associated with the gravitydriven model. Two possibilities of fluid sources are most likely for the high heatpro ducing granite fluid model, either local meteoric water or a shield brine present in the basement. The local meteoric water would not be saline. Archean shield brines measured in deep mine waters of northern Canada have been shown to be saline with total dissolved solids as high as 300 g/L (Bottomley et al., 1994) . There are no known measurements for shield brine fluids in the Proterozoic basement of northern Wis consin. However, we see no reason to suspect that genesis of this fluid would be significantly different than the fluids found in the Superior craton. Therefore, the source of the salinity in the late calcite-hosted fluids of the Reef Deposit could be from the gravitydriven model or the high heatproducing granite model.
Homogenization temperatures up to 103 °C observed in the Reef Deposit cannot be ex plained using the gravitydriven flow model alone. As discussed earlier, the same problem exists for deposits in the Upper Mississippi Val ley district, and past workers usually have called on circulation of the mineralizing fluid deep into the basement in order to gain the temperatures observed (Spirakis, 1995 (Reynolds et al., 1997) . Numerical modeling of fluid flow in the Upper Mississippi Valley district by Arnold et al. (1996) provided calculated temperatures of fluids in the district that may have approached those observed in the Upper Mississippi Valley district fluid inclusions. Considering that fluid temperature likely decreases during further migration northward, the fluid inclusion tem peratures are broadly consistent with derivation from a high heatproducing granite (Fig. 9C ).
Mineralization and Remobilization of Au
Gold (and silver) are only rarely reported in MVT deposits (Heyl et al., 1959) , so we ex plored if the MVT fluids that we propose to have been associated with the later texture Pb rich (and radiogenic) minerals are capable of Au mineralization. At low temperatures (<300 °C), gold is most efficiently transported in sulfide complexes, at either low or highpH condi tions, whereas chloride complexes in chlorine rich fluids at lowpH conditions are only stable at higher temperature (300 °C) conditions (Stefáns son and Seward, 2004) . MVT fluids, while in contact with carbonate sequences, will be pH buffered in a range of greater than ~4.5-5 (Leach et al., 2010) . It has been proposed, how ever, that in an MVT fluid in equilibrium with crystalline rocks (Precambrian basement rocks), pH should decrease, enhancing the dissolved metal concentrations (Leach et al., 2010) . Thus, it is possible that gold and other metals may have been sourced from the local Proterozoic country rocks, transported by MVT fluids, and then de posited in the Reef Deposit coincident with the late Pb and other base metal enrichment. This may explain why the Reef Deposit has a higher grade concentration of gold compared to other volcanogenic massive sulfide deposits in the region. We cannot rule out, however, that all of the Au was emplaced in the deposit during the initial Penokean mineralization and then was simply remobilized by the MVT fluids during Pbrich mineral precipitation on a local scale.
SUMMARY AND CONCLUSIONS
In this study, we used detailed petrographic ex amination and in situ analyses of Pbrich mineral phases along with evidence from fluid inclusions to better understand the protracted mineraliza tion history of a Paleoproterozoic AuCu deposit. The Reef Deposit formed initially via hydrother mal activity associated with crustal construction during the Penokean orogeny (1890 ( -1830 .
Later hydrothermal overprinting remobilized and potentially enriched the gold mineraliza tion. Pb isotope compositions from the later gold event overlap with Pbrich minerals found in MVT occurrences in the region that formed around 270 Ma. Further evidence for the pres ence of MVT fluids is found in lowtemperature saline fluid inclusion assemblages formed in late crosscutting carbonate veinlets.
As is apparent for the Upper Mississippi Valley district mineralization and minor occur rences in the district vicinity, a genetic model re mains somewhat ambiguous for the radiogenic Pb mineralization present in the Reef Deposit. A factor unique to the Reef Deposit is that, unlike MVT deposits of the Upper Mississippi Valley district and vicinity, the mineralization is hosted in the Precambrian basement. A model that ac counts for the radiogenic Pb and fluid tempera tures involves a combination of gravitydriven flow of basinal brine fluids out of the Illinois Basin and circulation of hydrothermal fluid by high heatproducing granites, where both sys tems were driven by the same farfield stress related to the AppalachianOuachita orogeny. A separate model involving fluids driven from the Michigan Basin is also possible. Regardless, Pb isotope compositions are consistent with min eralization occurring during the late Paleozoic sourced from Mesoproterozoicaged material. Clearly, the presence of MVT fluids associ ated with Au mineralization/remobilization in a Proterozoic basementhosted Au deposit has important implications to our understanding of gold deposits and their potential protracted de velopment globally. In addition, evidence for basement fluid flow during the Appalachian Ouachita orogeny aids in our understanding of farfield tectonic effects across the region.
The UThPb isotope system has long pro vided a sensitive tracer of both the age and source of metals in ore deposits. A critical ap plication of this system in this study, however, has been use of in situ isotopic analysis on the micron scale. We have shown that radiogenic Pb isotope compositions found by traditional sul fide analyses, even at the scale of microdrilling, are the product of incorporation of various mi cronscale Pbrich phases. In situ measurement of Pbrich phases, as done here, is required to see through the mixtures of Pbrich nuggets in bulkscale or even microdrilledscale samples. We posit that the mixing phenomena may be common, including prominent Archean gold and base metal terranes such as Western Aus tralia or the southern Superior Province. Such in situ analytical methods, as applied here, make it possible to better decipher initial and subse quent mineralization events in gold and other ore deposits.
